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Abstract
The current range of medical applications of resorbable polyesters could be hugely expanded if more effective strategies
for tailoring degradation rate were available. Block copolymerisation with poly(ethylene glycol) (PEG) has been shown to
reduce degradation times; however, to date, this has relied on the addition of PEG to short lengths of polyester. This results
in copolymers with high fractions of PEG and low molecular weights, reducing the potential range of applications. Furthermore,
there has been no systematic study of the relative lengths of the blocks. In this work, we employed short hydroxyl-functionalised
methoxy-terminated mPEG to initiate the synthesis of poly(L-lactide) (PLLA), resulting in controlled di-block copolymers with
short mPEG blocks and long PLLA blocks. A controlled series of polymers was made with PLLA lengths (60 < Mn (kg mol
−1) <
200) and mPEG lengths (550 < Mn (g mol
−1) < 5000) giving very low mPEG content (0.1–1.5 wt%). We found that, despite the
low fraction of mPEG, water uptake and the rate of hydrolytic degradation, k, increased. Significantly, k for the polymers was
dependent only on the presence of mPEG, and was little affected by mPEG length or PLLA length in the ranges studied. Moreover,
mass loss began in all polymers when Mn of the polymer fell below a threshold of about 20 kg mol
−1 and depended on both the
initial molecular weight of PLLA and the presence (but not the length) of mPEG. Short-chain mPEG therefore provides a new
route for targeted, temporal control of resorbable polyesters for biomedical devices.
© 2018 The Authors. Polymer International published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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INTRODUCTION
Resorbable polyesters are used within temporary medical
implants and in applications including orthopaedics, cardiol-
ogy and drug delivery. The wide range of potential applications
with different optimum timescales of action leads to the desir-
ability of methods to tune degradation kinetics. A drug may need
to be delivered over a few minutes, for example, or over a longer
period of a year or more.18,26,27
The aliphatic polyester poly(L-lactide) (PLLA) degrades via
hydrolysis over a period of 1.5 to 5 years and is used for
longer-lasting medical devices.29 In an aqueous environment,
PLLA breaks down at the ester linkages resulting in carboxylic acid
and alcohol end groups, an overall molecular weight decrease and
the formation of oligomers. Oligomers can build up in the centre
of larger samples, and, via autocatalysis, their acidic end groups
can induce a faster degradation there than at the edge, in a pro-
cess known as heterogeneous bulk degradation.1 The monomeric
degradation product, lactic acid, is ultimately catabolised in
vivo via the Krebs cycle.2 The mechanical properties of PLLA
vary greatly with molecular weight and only PLLA with high
molecular weight is suitable within structural medical devices for
load-bearing applications.23
The timescale of the degradation of PLLA may be altered
via changes in processing28 and hence molecular weight. The
degradation rate may also be controlled via changes in the
chemical structure,19 by blending with other polymers20 or via
copolymerisation.3,9,10,15,22,30 Copolymerisation with poly(ethylene
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Figure 1. Schematic overview of the experimental design.
glycol) (PEG) has shown promise as a route for controlling degra-
dation rate, although there are only a few reports of these
effects. While it is apparent that PEG addition raises hydration
and increases degradation rate, all these studies concern relatively
small molecules with comparatively high PEG fractions.
Reports in the literature suggest that PEG copolymerisation
with PLLA increases water sorption and shortens degrada-
tion times. However, only relatively short PLLA lengths have
been employed, giving low-molecular-weight copolymers with
relatively large PEG fractions. Lee et al.16 studied solvent-cast
films of PLLA–PEG di-block copolymers with a quoted PEG
weight-average molecular weight (Mw) value of 5000 g mol
−1 and
with the final copolymers ranging in number-average molec-
ular weight (Mn) from of 18 to 97 kg mol
−1. They quoted PEG
contents ranging from about 5 to 25 wt%. On incubation in
phosphate buffered saline (PBS), they reported an increase in
water absorption with increasing PEG content. Zhu et al.30 also
observed a faster degradation with increasing PEG content
(Mn = 1100 g mol−1) in compression-moulded PLLA–PEG di-block
copolymers with overall Mn of 6.01 and 8.91 kg mol
−1 and quoted
PEG contents of 16.7 and 10 wt%, respectively. The polymer with
the higher PEG fraction degraded faster. Hu et al. prepared a series
of PLLA–PEG–PLLA tri-block copolymer solvent-cast films with
a PEG block of Mn = 2000 g mol−1 resulting in overall polymer
molecular weight values of around 10–20 kg mol−1 and final
quoted PEG fractions in the range 4.4–18.3 wt%. Those authors
noted an increase in degradation rate from 1× 10−4 to 6× 10−4 h−1
with increasing PEG fraction.10 While it is apparent that PEG addi-
tion increases hydration and increases degradation rate, all these
studies are on relatively small molecules with comparatively high
PEG fractions.
To date there has been no study that considers
high-molecular-weight PLLA–PEG polymers relevant for struc-
tural implants and there is no reported systematic study which
fully decouples the effects of PEG and PLLA lengths on the degra-
dation of PLLA–PEG copolymers. Results of significance typically
rely on fairly large additions of PEG which are likely to alter the
mechanical properties, with the additional complication that long
PEG lengths may not be eliminated via the kidney route.13 There
is also little reported information on the correlation between
chemically observed degradation and physically measured degra-
dation. Finally, the chemistry and morphology of the polymers
are not always reported in detail which makes interpretation and
comparison between studies more difficult.18
This paper presents a rigorous study of a series of novel
PEG methyl ether (mPEG)-functionalised PLLA molecules syn-
thesised through the ring-opening polymerisation (ROP) of
L-lactide. The reaction was performed using short chains of
mPEG as the initiating agent, catalysed by the US Food and Drug
Administration-approved tin ethylhexanoate.12 The length of the
mPEG segment in each molecule is short (and hence capable of
metabolism in vivo and of renal excretion25) and the lengths of the
PLLA segments are high (and hence are potential candidates for
structural implants). This led to overall PEG fractions in the range
0.1–1.5 wt%, much lower than reported in any previous study.
Within the series, the mPEG length and PLLA length are separately
and systematically varied, allowing their individual influences
to be identified (Fig. 1). The effects of injection moulding after
synthesis are explored and the chemical and physical nature and
mechanisms of degradation are characterised.
MATERIALS AND METHODS
Materials
PLLA controls, labelled PLLA674, PLLA2252 and PLLA4012 with
respective inherent viscosities of 1.0, 2.4 and 3.8 dL g−1, were
obtained from Purac (Gorinchem, Netherlands). L-Lactide was
purchased from Corbion-Purac (Netherlands). Stannous octoate
(tin(II) ethylhexanoate) and PEG methyl ether (Mn = 550, 2000 and
5000 g mol−1) were supplied by Sigma Aldrich. Liquid carbon diox-
ide was supplied by BOC Gases and used as received. Chloroform
was supplied by Sigma Aldrich and used for all gel permeation
chromatography (GPC) and NMR experiments.
Polymer synthesis
mPEG-functionalised PLLA with varying mPEG Mn of 550
(PLLA–PEG 550), 2000 (PLLA–PEG 2000) and 5000 g mol−1
(PLLA–PEG 5000) and constant PLLA Mn approaching 60 kg mol
−1
together with a longer PLLA length approaching 200 kg mol−1
with a mPEG-functionalised chain of length of 5000 g mol−1 were
synthesised.
Polymer synthesis was achieved through a one-step ROP. ROP
of L-lactide, catalysed by tin(II) octoate, was achieved using a
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Figure 2. Sn(Oct)2-catalysed ROP of L-lactide initiated by hydroxyl func-
tional group of mPEG conducted in an inert atmosphere at 180 ∘C.
hydroxyl-functionalised methoxy-terminated mPEG initiator thus
resulting in long chains of PLLA connected to singular mPEG end
groups on one side. mPEG was dried in a vacuum oven at 50 ∘C
prior to using it for ROP. In each polymerisation reaction, prede-
termined amounts of monomer, initiator and catalyst were added
to an autoclave and were then heated to the reaction conditions.
The polymerisations were carried out in the autoclave under an
inert gas, which was free of oxygen. Magnetic stirring at 200 rpm
was maintained for all reactions and a heating element was used
to maintain a temperature of 180 ∘C. The reaction duration was
optimised as our hypothesis required a one-step synthesis to high
monomer completion of reaction. All polymers achieved a suffi-
cient degree of polymerisation in terms of monomer conversion.
The structure of the copolymer achieved is shown in Fig. 2.
Nomenclature
The nomenclature used for the PLLA controls is PLLAX where X
stands for the degree of polymerisation of PLLA with L-lactide
(144 g mol−1) as a repeat unit. The short mPEG block PLLA di-block
copolymers are identified as PLLA–PEG X with X representing the
length of mPEG, in g mol−1, used to initiate the synthesis of PLLA.
The term ‘functionalisation’ is sometimes used to underline the
small quantity of mPEG present in the short mPEG block PLLA
di-block copolymers.
Polymer processing
The polymers were processed into dumbbell samples by
micro-injection moulding (DSM Research, X’plore), under ambi-
ent air, into a custom made mould (mould cavity of 5 mL) at
the minimum temperature found to be necessary to give a
uniform sample appearance. A Teflon release agent (Advanced
Mould Release Agents, Rocol) was used for PLLA–PEG 550.
The pressure parameters used at the three stages of injection
were: 9 bar (injecting), 5 bar (filling) and 5 bar (holding). The
processing temperatures ranged from 185 to 245 ∘C while the
mould temperature was kept at ambient temperature. Sam-
ples were cut into 4 mm× 4 mm× 2 mm cuboids using an
Accustom-5 (Struers) blade. The processing temperatures are
outlined in Table 1.
Degradation study
The initial mass (M0) was recorded for each sample and triplicates
assigned for each time point. The samples were then individu-
ally incubated in bijou tubes containing PBS (Sigma Aldrich) at
pH= 7.4 with a material-to-PBS ratio of 6 mg to 1 mL. The tubes
were placed in an incubator set at 37 ∘C and measurements of
pH were taken at regular time intervals. The wet mass (Mt) was
recorded after light dabbing of the sample on a paper towel to
remove any surface water, and the dry mass (Md) was measured
after the samples had been left to dry under vacuum at ambient
temperature for one week. Mass loss (Eqn (1)) and water uptake










XRD was carried out using a Philips X’Pert PW1830 Generator with
an incident beam of Cu K𝛼 radiation. The diffraction patterns were
acquired in a 2𝜃 angle range of 2–50∘ with a step size of 0.050∘ at
a scanning speed of 0.020∘ s−1. The crystallinity was estimated by
fitting the data with an amorphous background and extrapolating
the crystalline peaks using the X’pert Highscore Plus software
package.
Table 1. Injection-moulding temperatures and Mw, Mn and Ð for as-synthesised and processed polymers. The pressure parameters used at the three
stages of injection were: 9 bar (injecting), 5 bar (filling) and 5 bar (holding)
As-synthesised (× 103 g mol−1) Processed (× 103 g mol−1) Mn ratiob
Polymer Processing temperature (∘C) Mn Mw Ða Mn Mw Ða
PLLA674 210 77.0 97.1 1.26 74.1 97.3 1.32 0.96
PLLA2252 225 182.3 324.3 1.78 110.7 228.3 2.08 0.61
PLLA4012 243 359.9 577.8 1.60 76.9 190.4 2.52 0.21
PLLA–PEG 550 185 58.5 116.6 1.99 18.7 49.0 2.72 0.32
PLLA–PEG 2000 187 51.0 93.9 1.84 26.4 53.6 2.17 0.52
PLLA–PEG 5000 185 80.1 139.5 1.75 39.9 79.4 2.00 0.50
PLLA–PEG 5000 H 200 194.9 430.2 2.21 55.8 125.5 4.34 0.29
a Polydispersity index.
b Mn processed/Mn as-synthesised.
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Figure 3. Effect of processing temperature on (a) Mn and (b) Ð of PLLA control and PLLA–PEG series. The Mn difference was calculated by subtracting
the processed polymer Mn from the as-synthesised polymer Mn. Conversely, the Ð difference was calculated by subtracting the as-synthesised polymer Ð
from the processed polymer Ð.
Differential scanning calorimetry
DSC (Q100, TA Instruments) was carried out in triplicate at a
heating rate of 20 ∘C min−1 over a range of −80 to 250 ∘C. A TA
Instruments software package (Universal Analysis) was used to
determine the glass transition temperature, T g, taken at the inflec-
tion point while the crystallisation temperature, T c, and melting
temperature, T m, were respectively recorded at the exothermic
and endothermic peaks. The latent heat of fusion, ΔHm, was esti-
mated from the area under the endothermic peak. A value of
143 J g−1 was used for 100% crystalline PLLA.24
Gel permeation chromatography
GPC samples were prepared by dissolving 3–7 mg of polymer
powder in 2 mL of chloroform over a 2 h period followed by
filtration using a Millipore filter (0.20μm pore size, 13 mm diameter,
Millipore SLFG013NL, Fluropore PTFE (F) membrane).
GPC measurements were performed using an Agilent triple
detector system with an Agilent Technologies column (PLgel 5
μm MIXED-C 300× 7.5 mm). The columns were calibrated with
polystyrene standards supplied by Agilent Technologies at a con-
centration of 10 mg mL−1. Chloroform (Sigma Aldrich) was used as
the mobile phase with a flow rate of 1.0 mL min−1. Weight-average
molecular weight (Mw), number-average molecular weight (Mn)
and polydispersity index (Ð) data were collected using refractive
index peak height with values < 10 mV.
1H NMR spectroscopy
1H NMR spectroscopy was utilised to determine the monomer
conversion, mPEG presence and chemical composition of the
copolymers. A 300 MHz Bruker NMR machine was used to obtain
the spectra which were analysed and processed using the MestReC
software package and reported in parts per million (ppm) relative
to the response of the solvent (7.24 ppm). Deuterated chloroform
(CDCl3) was used to dissolve the polymer which was then filtered
using a Milnex (0.2 μm) filter into NMR sample tubes. Lactide
methane presents a signal at 5.16 ppm while mPEG is identified
at a chemical shift of 3.6–3.65 ppm.5 The polymer conversion was
calculated based on the CH3 and CH peaks for the respective
polymers and monomers introduced.
RESULTS
Polymer synthesis and processing
Table 1 shows the injection-moulding temperatures and Mw, Mn
and Ð for the as-synthesised and injection-moulded polymers.
Figure 3 shows the changes in Mn and Ð on processing, plotted
as a function of processing temperature for the PLLA–PEG series
wileyonlinelibrary.com/journal/pi © 2018 The Authors. Polym Int (2018)
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Table 2. Polymer purity for as-synthesised and processed polymers and post-degradation at day 217
Polymer Processing temperature (∘C) As-synthesised: purity (%) Processed: purity (%) Post-degradation day 217: purity (%)
PLLA674 210 99.9 99.9 99.9
PLLA2252 225 99.9 97.1 99.9
PLLA4012 243 99.9 97.1 99.9
PLLA–PEG 550 185 95.2 96.2 99.9
PLLA–PEG 2000 187 96.2 97.1 99.9
PLLA–PEG 5000 185 96.2 97.1 99.9
PLLA–PEG 5000 H 200 97.1 96.2 99.9
Figure 4. mPEG content against mPEG initiator length Mn as observed from NMR spectra when polymers were tested before and after processing and
post 217 days of degradation.
and PLLA controls. For higher Mn polymers, a higher processing
temperature was necessary.
Confirmation of mPEG functionalisation of PLLA
The NMR spectra (supporting information) obtained from the
mPEG-functionalised polymers and the PLLA controls were exam-
ined before and after injection moulding (Fig. 4). The appearance
of a chemical shift at 3.64 ppm for each of the mPEG-functionalised
polymers confirmed the presence of mPEG. As expected, the PLLA
controls showed no peaks at this chemical shift. Polymer purity
was quantified by comparing peaks from the PLLA polymer and
monomer L-lactide within the NMR spectrum (Table 2).
The ratio of ethylene glycol to lactic acid in the polymer was
calculated and expressed as mPEG mass percentage using
the molar values for ethylene glycol (44 g mol−1) and L-lactide
(144 g mol−1). As expected, the mPEG content is small in all
samples.
Figure 4 presents a plot of mPEG mass percentage against initia-
tor length. The NMR spectra and molar values are provided in the
supporting information. It is clear from the graph that PLLA–PEG
samples of a similar molecular weight present a direct relationship
between mPEG length and mPEG mass percentage. This follows
our logical chemical structure design since each polymer chain
only contains a single mPEG chain, thus longer chains of mPEG
result in larger mPEG mass. In the case of PLLA–PEG 5000 H where
the molecular weight of the final polymer is much greater than
that of the PLLA–PEG 5000 sample with an equal mPEG initia-
tor length, we observe that mPEG mass is decreased. This is fur-
ther confirmation of the polymer structure and of the mechanism
of mPEG-initiated ROP since final polymer molecular weight is
dependent on the number of mPEG chains.
X-ray diffraction
Figure 5 shows the XRD patterns acquired for the as-synthesised
and processed polymers. Crystalline peaks are seen in the patterns
of the as-synthesised samples, but after processing peaks are only
seen in the pattern of PLLA–PEG 5000 H and only at a very low
intensity as indicated by an arrow at 2𝜃 angle of 16.5∘.
Differential scanning calorimetry
Both as-synthesised and injection-moulded samples were
scanned twice in the DSC analysis. Figure 6(a) shows the melting
behaviour of the as-synthesised polymers during their second
DSC scan and Fig. 6(b) shows the first heating curve for the
injection-moulded polymers. The values for T g, T c, T m and ΔHm
for all the samples calculated from the second scans are listed in
Table 3. Figure 7 shows how the T g values vary with mPEG length
and processing.
Degradation study
pH and mass loss
Figure 8 shows the changes of pH over a period of approximately
8 months on degrading the injection-moulded samples.
Figure 9(a) shows the mass loss against time suggesting once
again that the controls remain intact without any recorded mass
loss while all polymers in the PLLA–PEG series display an increase
in mass loss. Figure 9(b) indicates a linear correlation between
mass loss and pH.
Polym Int (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/pi
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Figure 5. XRD traces of PLLA674 and PLLA–PEG series: (a) as-synthesised materials and (b) processed materials. The traces are offset for clarity.
Figure 6. DSC thermograms of (a) as-synthesised and (b) processed PLLA674 control and PLLA–PEG series. The curves are offset for clarity.
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Table 3. Thermal properties of the as-synthesised (2nd heating) and processed PLLA control and PLLA–PEG series
Polymer As-synthesised Processed
Tg (
∘C) Tc (∘C) Tm (∘C) Crystallinity (%)a Tg (∘C) Tc (∘C) Tm (∘C) Crystallinity (%)a
PLLA674 58.5 ± 0.3 137.4 ± 1.4 175.9 ± 1.1 65.9 ± 1.4 61.7 ± 0.4 114.7 ± 0.5 175.7 ± 0.9 17.1 ± 1.7
PLLA–PEG 550 53.9 ± 0.5 130.8 ± 1.2 160.7 ± 1.3 35.9 ± 6.6 52.8 ± 0.3 109.0 ± 3.3 163.8 ± 0.5 1.8 ± 2.2
PLLA–PEG 2000 51.3 ± 0.3 106.1 ± 0.3 170.3 ± 0.2 48.1 ± 7.2 55.5 ± 0.2 98.9 ± 0.2 172.4 ± 1.0 8.1 ± 0.9
PLLA–PEG 5000 52.3 ± 0.9 106.4 ± 1.4 172.2 ± 1.3 52.4 ± 0.8 51.1 ± 0.4 96.4 ± 2.7 171.8 ± 1.3 13.6 ± 4.0
PLLA–PEG 5000 H 54.3 ± 1.4 134.6 ± 1.2 171.2 ± 0.6 52.8 ± 1.4 55.8 ± 0.2 93.0 ± 0.0 173.4 ± 0.9 10.2 ± 2.6
a Crystallinity estimated from DSC traces from first heating curve: (ΔHm −ΔHc)/(ΔH). ΔH = 143 J g−1 for 100% crystalline PLLA.24
Figure 7. Tg as a function of mPEG length in as-synthesised and processed polymers.
Water uptake
Figure 10 shows the water uptake against time. Both graphs
display trends similar to those of pH and mass loss with mPEG
length.
DSC and XRD
Figure 11 shows the changes in XRD patterns of the samples as a
function of degradation time, while Table 4 presents the variation
of thermal properties of the polymers with degradation from
DSC, and calculation of crystallinity from XRD. The crystallinity
increases as the polymers degrade in the PLLA–PEG series with
mPEG lengths above 2000 g mol−1.
Gel permeation chromatography
Figure 12(a) shows the changes in Mn of the injection-moulded
polymers as a function of degradation time. PLLA–PEG copoly-
mers degraded both faster and to a lower overall final molecular
weight than the PLLA674 control. Circles on the graph indicate the
time of onset of mass loss for each of the polymers. Figure 12(b)
shows a logarithmic plot of Mn against time for data before mass
loss only, allowing the calculation of a degradation rate constant,
k, from the gradient. This is plotted against mPEG content in
Fig. 12(c). Parameter k is determined using Eqn (3) whereby the
molecular weight at time t, Mnt , is expressed as a relationship
between the initial molecular weight, Mn0, and k before the onset
of mass loss:??
Mnt = Mn0e−kt (3)
1H NMR spectroscopy
Table 2 presents the polymer composition determined using
1H NMR through the stages of synthesis, post-processing and
post-degradation study. The changes in polymer composition are
presented. Polymer purity refers to the comparison of PLLA poly-
mer to lactide monomer in the spectrum. Molar ratio represents
the ratio of lactide moles to ethylene glycol moles in the polymer.
Mass ratio is the corresponding ratio of lactide to ethylene glycol
mass in the polymer.
DISCUSSION
This paper examines the effect of mPEG on the degradation
kinetics of PLLA, observing the consequences of the presence of
mPEG, its length and the PLLA-to-PEG ratio, as outlined in Fig. 1.
Each variable was isolated to examine its effect on the mate-
rial properties. The presence of mPEG was tested by compar-
ing the PLLA–PEG series to the PLLA controls. mPEG lengths of
550, 2000 and 5000 g mol−1 were examined to test the effect of
mPEG length and a higher molecular weight PLLA in PLLA–PEG
5000 H was considered to test the effect of PLLA length on the
degradation.
Two forms of degradation of polymers were observed in this
study: thermal degradation during injection moulding and
hydrolytic degradation during incubation in PBS at 37 ∘C. In
order to account for these reductions in molecular weight we
will consider degradation in terms of processing and hydrolysis
separately.
Polym Int (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/pi
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Figure 8. Changes in pH as a function of time. The error bars represent standard errors calculated on three measurements.
Figure 9. Mass loss as a function of (a) time and (b) pH in PLLA–PEG series. The error bars represent standard errors calculated on three measurements.
Polymer synthesis and processing
As-synthesised polymers
Polymer controls PLLA674, PLLA2252 and PLLA4012 were
selected to cover the range of molecular weights of the
mPEG-functionalised polymers. All as-synthesised PLLA–PEG
polymer Mn values were around 60 kg mol
−1 except PLLA–PEG
5000 H which had Mn of 200 kg mol
−1. PLLA674 has Mn of around
77 kg mol−1 hence providing an appropriate control for all except
PLLA–PEG 5000 H which lies between PLLA2252 and PLLA4012
(Table 1). Varying mPEG initiator molecular weights of 550, 2000
and 5000 g mol−1 were used to initiate the synthesis of the
PLLA–PEG samples. mPEG peaks were visible in the NMR spec-
tra (Supporting Information) and ratios of mPEG to PLLA were
calculated and plotted (Fig. 4). This ratio increased with increas-
ing mPEG Mn values as expected. Control polymers contained
only 0.1% monomer while the PLLA–PEG series all contained at
least 2–3% monomer; this was considered an acceptable level of
monomer conversion. Ð values of all polymers ranged from 1.3
to 2.3.
The positions of the XRD diffraction peaks observed for an
as-synthesised sample of mPEG-functionalised PLLA match those
of PLLA674 (Fig. 5(a)). The unit cell of PLLA is therefore unchanged
wileyonlinelibrary.com/journal/pi © 2018 The Authors. Polym Int (2018)
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Figure 10. Water uptake as a function of time. The error bars represent standard errors calculated on three measurements.
Table 4. Thermal properties and crystallinity of PLLA control and PLLA–PEG polymer series during degradation
Polymer Degradation time (days) Tg (
∘C) Tc (∘C) Tm (∘C) Crystallinity (%)a
PLLA674 0 61.7 ± 0.4 114.7 ± 0.5 175.7 ± 0.9 0.0
69 67.7 ± 0.9 106.5 ± 3.3 176.5 ± 0.3 0.0
99 63.9 ± 2.8 107.3 ± 0.8 177.1 ± 0.7 –
217 65.9 ± 5.5 106.6 ± 1.9 177.6 ± 1.1 0.0
PLLA–PEG 550 0 52.8 ± 0.3 109.0 ± 3.3 163.8 ± 0.5 0.0
69 49.7 ± 1.1 82.9 ± 2.2 148.5 ± 7.3 26.8
99 53.6 ± 2.1 84.1 ± 0.9 157.6 ± 2.0 29.7
217 58.9 ± 1.7 83.2 ± 5.1 154.4 ± 1.5 28.0
PLLA–PEG 2000 0 55.5 ± 0.2 98.9 ± 0.2 172.4 ± 1.0 0.0
69 52.1 ± 0.3 87.0 ± 0.5 162.2 ± 1.6 10.0
99 52.9 ± 1.2 83.6 ± 1.5 158.1 ± 0.8 28.7
217 56.6 ± 0.7 89.9 ± 1.7 151.2 ± 1.6 47.5
PLLA–PEG 5000 0 51.1 ± 0.4 96.4 ± 2.7 171.8 ± 1.3 0.0
69 55.6 ± 0.1 90.2 ± 1.5 165.6 ± 1.8 16.1
99 51.0 ± 0.6 90.7 ± 1.3 164.1 ± 1.0 26.8
217 55.9 ± 3.8 92.4 ± 0.7 157.8 ± 1.6 43.3
PLLA–PEG 5000 H 0 55.8 ± 0.2 93.0 ± 0.0 173.4 ± 0.9 0.0
69 53.3 ± 0.5 86.7 ± 0.5 163.1 ± 3.0 9.9
99 48.5 ± 0.6 87.6 ± 0.5 161.1 ± 0.6 17.9
217 56.6 ± 0.9 90.0 ± 1.3 147.3 ± 7.4 46.4
a Crystallinity estimated from XRD traces.
by the mPEG functionalisation. However, peak broadening is
visible in PLLA–PEG 550 which may indicate the formation of
smaller crystallites. Figure 6(a) shows the melting behaviour of
the as-synthesised polymers during the DSC scan. The addi-
tion of mPEG to the polymer lowers T m from those observed
in the PLLA674 control. Amongst the as-synthesised materials,
T m of PLLA–PEG 550 is the lowest, which could be due to
the melting of smaller, less stable crystals as suggested by the
XRD patterns.
Unlike the PLLA674 control which has a single melting peak,
samples in the PLLA–PEG series all display double endotherms
of melting or a melting peak with a shoulder. Such double
melting peaks can arise from a number of causes including
melting and recrystallisation during the scan or multiple crystal
populations.21 Values of crystallinity from DSC are also lower in the
mPEG-functionalised polymers (Table 3). Hu et al.10 attribute both
these effects to an interference of the crystallisation process by
the mPEG fractions leading to lower recorded values of crystallinity
compared to the control.
A decrease in T g values was observed in the PLLA–PEG series
against the PLLA674 control and a further decrease in T g observed
with an mPEG length of up to 5000 g mol−1 (Fig. 7). Since the
polymers are dry and are of similar molecular weight, the decrease
in T g can be attributed to the mPEG fractions plasticising the
material and facilitating chain mobility in the polymers. These
result are broadly consistent with the reports of Hu et al.9 on
solvent-cast PLLA–PEG–PLLA tri-block copolymers with overall
molecular weight values ranging from 6 to 30 kg mol−1, PEG Mn
values from 1000 to 6000 g mol−1 and PEG fractions from 2 to
10 wt%. They found that the addition of PEG decreased T g of the
PLLA homopolymer control by up to 20 ∘C. Across the series, T g
values did not appear to be significantly affected by varying PEG
length and PEG content, while T m values decreased with increas-
ing PEG content but not length. Furthermore, as the degradation
Polym Int (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/pi
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.





















































































































































Figure 11. XRD traces of PLLA674 and PLLA–PEG series as a function of degradation time: (a) PLLA674; (b) PLLA–PEG 550; (c) PLLA–PEG 2000;
(d) PLLA–PEG 5000; (e) PLLA–PEG 5000 H. The traces are offset for clarity.
proceeded, a gradual decrease of T m and an endothermic shoulder
preceding T m of the polymers were noted. A stepwise immiscibility
of PEG and PLLA was inferred from these results. Zhu et al.’s sam-
ples displayed single T g and T m values in the DSC scan which were
ascribed to the short chain length of the PEG monomers and good
miscibility of PLLA and PEG segments.30 The reduction in thermal
transition values presents an added opportunity to process these
mPEG-functionalised PLLAs at lower temperatures. This may prove
attractive considering the large thermally induced degradation
from injection-moulding-based processing of high-viscosity PLLA
at high temperatures evident in Table 3. Regulation of thermal
degradation is critical to performance of injection-moulded PLLA
devices.
In summary, the polymers in the PLLA–PEG series were all
synthesised to broadly controlled molecular weight values. Their
T g values were lower than that of the PLLA control and decreased
further up to an mPEG length of 2000 g mol−1. The polymers
crystallised to the unit cell of PLLA.
Processed polymers
After synthesis, samples were injection moulded prior to the
degradation experiment. It is important to consider the effects of
processing on molecular and morphological structure.
Most of the polymers showed some decrease in Mn on process-
ing, although the extent varied across the series (Fig. 3). Plotting
the difference between Mn on processing and Mn prior to process-
ing shows the trends of the magnitude of the effect of processing
with increasing temperature. Figure 3 suggests that the higher Mn
polymers experience a greater decrease in Mn values and a sharper
increase in Ð values related to the higher processing temperature
required to achieve acceptable sample moulding. The graphs sug-
gest that increasing the processing temperature beyond 200 ∘C
for the PLLA–PEG series or beyond 210 ∘C for the PLLA controls
results in a progressively increasing change to the polymer Mn and
Ð. In the former case, the lower temperatures than those used on
the control polymers still affect the polymer Mn, decreasing by
a factor of about 2 in the low-molecular-weight PLLA–PEG 550,
2000 and 5000. This effect is consistent with the observation of
Gogolewski et al. who also observed that upon increasing the pro-
cessing temperature of PLLA, a greater decrease in Mw could be
observed.7 While thermal degradation has occurred, the Mn range
of this series is still within an acceptable range after processing
and broadly similar to the most closely matching control, PLLA674
(Table 1).
Table 2 indicates that the mPEG is still present after injection
moulding. Figure 4 indicates that mPEG-functionalised PLLAs
wileyonlinelibrary.com/journal/pi © 2018 The Authors. Polym Int (2018)
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Figure 12. Method used to estimate the degradation rates by varying mPEG length in the PLLA–PEG series. (a) Changes in Mn as a function of time. Circles
represent the onset of mass loss in each polymer. (b) Plot of ln(Mn) against time, for data up to the onset of mass loss. (c) Changes in degradation rate as
a function of mPEG length.
show no reduction in mPEG content with the exception of
PLLA–PEG 5000 H. This copolymer of PLLA and mPEG demon-
strates an overall increase in the ratio of mPEG to PLLA. This may
be as a result of a large amount of PLLA degradation and thus an
overall increase in the ratio of PLLA to mPEG as no physical mPEG
addition occurred.
The NMR data indicate that the injection moulding of the con-
trol polymers can cause some polymer to monomer degradation.
PLLA2252 and PLLA4012 experienced thermal degradation
resulting in the reduction of polymer purity with respect to
lactic acid monomer presence from about 99.9 to 96/97%. The
increase in Ð is consistent with the formation of oligomers and
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represents a larger spread in polymer chain lengths compared
with the as-synthesised polymers. This thermal degradation
in terms of decreasing molecular weight and the formation
of monomers/oligomers is related to the higher processing
temperatures required for these higher viscosity polymers.
The broad absence of crystalline peaks in the processed XRD
scans shows that the injection-moulding process used has pro-
duced a much more amorphous polymer morphology than
present in the as-synthesised material. This is consistent with
the DSC profiles of injection-moulded material (Fig. 6(b)) which
have exothermic peaks and endothermic peaks of comparable ΔH
values suggesting that the polymers were mostly amorphous (and
that most crystallisation present occurred during the DSC scan).
For all polymers, the T g values no longer follow a clear trend after
processing despite a decrease in overall polymer Mn (Fig. 7). T g has
been shown to be highly dependent on the molecular weight of
PLA when it is below 100 kg mol−1 11. For the PLLA674 control, the
processing temperature did not affect the polymer Mn (Fig. 3). In
the PLLA–PEG polymers, chain cleavage presumably leads to the
formation of a complicated molecular mix of PLLA–PEG oligomers,
monomers and uncapped PLLA chains.
In summary, processing generally resulted in a significant
decrease in Mn with the effect being more pronounced for higher
Mn samples which required a higher processing temperature.
This will lead to the formation of a more complex molecular mix.
Despite this effect, mPEG was still present post-processing.
Degradation study
Injection-moulded samples were then degraded in PBS at 37 ∘C for
8 months. Figure 10 indicates that water uptake is much greater
when mPEG is incorporated, and that the PLLA control series does
not exhibit substantial water absorption. Within the PLLA–PEG
series, the ultimate levels of water uptake are broadly similar which
suggests that mPEG content rather than mPEG length has an
effect on the water uptake. Water absorption encourages chain
scission of the ester linkages in PLLA. Smaller oligomers, capable
of diffusing out of the polymer, are formed with carboxylic acid
end groups, making the surrounding medium more acidic and
resulting in mass loss and an associated decrease in pH.17
Figures 8 and 9 indicate that mass loss and a decrease in pH only
take place once a critical molecular weight of about 30 kg mol−1
is reached (Fig. 12(a)). From Fig. 12(c) it is clear that polymers
containing mPEG segments degrade significantly faster than the
PLLA674 control. The values of k for the PLLA–PEG polymers
ranged from 6× 10−4 to 1× 10−3 h−1 while the value for PLLA674
was 2.9× 10−5 h−1. The values for PLLA–PEG can be compared
with those obtained by Hu et al.10 who recorded similar or slightly
lower values of 1× 10−4 to 6× 10−4 h−1. Similar values are seen
despite that Hu et al. used polymers with molecular weight values
not exceeding 25 kg mol−1 as well as having a much higher mPEG
content of up to 18.3 wt%. Our data, together with the results of Hu
et al., suggest that the strongest effects come from the presence or
absence of mPEG rather than the exact ratio of mPEG to PLLA.
XRD reveals an increase in crystallinity with degradation time
for the PLLA–PEG series (Table 4), which occurs to a similar extent
for each polymer in the series. The PLLA control, in contrast, does
not increase significantly in crystallinity. This supports the earlier
claim whereby PLLA crystals are more easily formed through the
plasticising effect of mPEG. In addition, oligomers and monomers
produced during hydrolytic degradation could also plasticise the
polymer, encourage water flow into the matrix and accelerate
degradation.4
mPEG does not typically degrade by hydrolysis under physi-
ological conditions.8,14 Therefore, observed reductions in mPEG
content over the course of degradation can be attributed to
breakages along the PLLA chain facilitating the mPEG end-group
being removed from the copolymer matrix. To address this point,
Hu et al. undertook a detailed structural analysis of solvent-cast
PLLA–PEG–PLLA tri-block copolymers. They examined a polymer
series with overall Mw values ranging from 6 to 30 kg mol
−1 by
varying PEG Mn from 1000 to 6000 g mol
−1, thereby increasing
the content of PEG from 2 to 10 wt%. Fourier transform infrared
spectroscopy in conjunction with NMR analysis indicated an inten-
sification of the signals from hydroxyl and carboxyl bonds dur-
ing degradation. This indicated that while degradation occurred
throughout the PLLA block, preferential cleavage took place
between PEG and PLLA blocks, an effect which may have been due
to the hydrophilic nature of PEG. Hu et al. hypothesise that a faster
overall degradation happens in the initial 300 h of degradation due
to this effect.9
Figure 4 indicates that the PLLA copolymer containing the
shortest mPEG sequence of Mn = 550 g mol−1 exhibits an overall
increase in the ratio of PLLA to mPEG at day 217 with respect to day
0 (processed). This suggests that through the process of degrada-
tion a sufficient porosity is achieved to allow reasonable diffusion
of mPEG 550-containing oligomers from the copolymer matrix,
thereby allowing removal of some mPEG (Mn = 550 g mol−1) from
the copolymer matrix at a rate that is faster than lactic acid diffu-
sion. A similar trend can be observed for PLLA containing mPEG
of length Mn = 5000 g mol−1 with an overall increase in the ratio
of PLLA to mPEG. Again, this could also suggest that the process
of hydrolytic degradation results in a level of porosity that allows
for minor mPEG (Mn = 5000 g mol−1)-containing oligomers to
diffuse from the copolymer matrix. However, PLLA–PEG 2000
and PLLA–PEG 5000 H show a decrease in the ratio of PLLA to
mPEG. This may suggest that the length of mPEG and PLLA are a
controlling factor in the diffusion of mPEG-containing oligomers
from the copolymer matrix.
In summary, on degradation in PBS, the PLLA–PEG polymer
series take up water faster and to a much greater level than
the PLLA controls. A decrease in pH linked to mass loss ensues
when Mn reached a critical value of 20 kg mol
−1. The molecular
degradation rate, k, was affected by the presence or absence of
mPEG but was less affected by the length of mPEG. Therefore
the initial Mn and the presence of mPEG functionalisation are
the controlling factors of when mass loss will occur. Furthermore,
low Mn mPEG-containing oligomers are removed more easily than
high Mn mPEG-containing oligomers from the degrading sample.
CONCLUSIONS
The results show that hydrophilic functionalisation with
short-chain mPEG is a powerful way of influencing degradation
behaviour of resorbable polyesters. Under hydrolytic conditions,
mPEG functionalisation significantly increased the rate and degree
of water uptake as compared with the pure PLLA control. The over-
all degradation rate, k, for the mPEG-functionalised polymers was
dependent on the presence or absence of mPEG functionalisa-
tion, and was little affected by mPEG length or PLLA length in
the ranges studied. In the presence of mPEG, the degradation
rate was markedly enhanced: k for mPEG-functionalised poly-
mers was in the range 6× 10−4 to 1× 10−3 h−1, as compared with
that of the PLLA control of 2.9× 10−5 h−1. Mass loss began in all
mPEG-functionalised polymers when the molecular weight fell
wileyonlinelibrary.com/journal/pi © 2018 The Authors. Polym Int (2018)
Polymer International published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Short PEG block initiation of PLLA di-block copolymers www.soci.org
below a critical threshold of about 20 kg mol−1. The time taken to
reach the critical molecular weight, and hence the time for mass
loss to begin, depends on both the initial molecular weight and
the presence or absence of mPEG functionalisation. Hydrophilic
functionalisation with short-chain mPEG is therefore a new, highly
promising, controllable and adaptable approach for affecting
the degradation behaviour of resorbable polymers. The findings
have important implications in biomedical and pharmaceutical
applications where there is an unmet demand for the close control
of degradation and drug release over set timeframes.
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